In this paper we investigate the electronic properties of single molecules by means of low-temperature scanning tunneling spectroscopy (STS). We focus on C 60 molecules deposited on a Au(111) surface at different substrate temperatures and mixed with two different hydrocarbons. In this way we change the fullerene interaction with the surface and/or the dipolar response of the molecular neighborhood to charging events. We explore the dependence of the energy level alignment on the molecular surroundings. The results confirm an already established picture in photoelectron spectroscopy.
Introduction
The electronic, optical, thermal, transport, etc., properties of molecular thin films are, in many cases, strongly dependent on properties of the individual entities that constitute the film. Investigation of local phenomena at the molecular scale is thus a challenging research topic, which has been followed up in recent decades due to the development of scanning tunneling microscopy (STM) [1] . STM, as a microscopy tool, was soon applied to investigate the growth and structure of molecular layers [2] , especially at the interface with a metal surface. There, STM has allowed us to explore various fields of research in classical chemistry, like conformational dynamics, molecular recognition, coordination and supramolecular chemistry, etc, in a two-dimensional work-bench formed by molecular ensembles adsorbed on a surface [3] . The result is a visualization of molecular aggregation [4, 5] and ordering [6] [7] [8] , helping us to provide a better understanding of surface chemistry routes required for the formation of functional molecular thin films.
A metal surface plays an important role in the dynamics of thin film growth and in its functionality. First, it acts as a planar support. It also forces molecular motion into a plane, hinders partially intramolecular motion, and, in many cases, interacts chemically with the molecular overlayer. Second, the interface with the metal strongly modifies the individual properties of the molecule, rapidly quenches the excitations, and provides an infinite source/drain of charge [9] . Hence, the molecule on the metal cannot be considered as an individual entity itself but as a complex system in which the type of external interaction with the surface and its neighbors becomes an important factor to consider.
To investigate such information at the local scale, the spectroscopic mode of the STM plays an important role, since it allows us to resolve the local electronic [10] , magnetic [11] [12] [13] , and vibrational [14] properties of a single molecule. In scanning tunneling spectroscopy (STS) the differential conductivity (dI /dV ) of a single molecule junction is measured as a function of tip-sample bias. Variations of dI /dV can be associated with changes in the density of states (DoS) of the molecule/sample electrode, in the magnetic state of a molecule or in the activation of inelastic tunneling processes mediated by molecular vibrations. Depending on the mechanism responsible for the change of the dI /dV signal, different types of information can then be obtained with submolecular resolution. Special mention is due to the inelastic processes occurring during electron tunneling, which may also mediate secondary effects like molecular motion [15] [16] [17] , dissociation [18, 19] , intramolecular dynamics [20, 21] , or even the emission of light [22] .
In this paper we will analyze an important aspect of local electron spectroscopy regarding to the resolution of the electronic configuration of single molecules: the role of a polarizable neighborhood around a single molecule. In general, dI /dV spectra are directly related to the electronic structure of the molecule/surface system, and it is currently used to determine the alignment of molecular levels with respect to the Fermi level (E F ) as well as their line shape, providing information about the charge state [23, 24] , distortions, and interactions at the local scale. It has been shown that the adsorption site [25, 26] and orientation [27] may also strongly affect the alignment and line shape of molecular resonances, as revealed by their spectral fingerprint in STS data. But not much is known yet about screening effects in the molecular layer.
Since STS explores electronic levels using electrons, it is expected that final-state type effects are important. As an electron spectroscopy, STS should be directly related to other techniques like photoelectron spectroscopy (PS), inverse PS (IPS), and near edge x-ray adsorption spectroscopy (NEXAFS). It is known from photoemission experiments [28] [29] [30] [31] [32] [33] [34] that screening effects by neighboring molecules and by image charges at the metal surface are important, and may change the measured alignment of unoccupied levels by large amounts. At a local scale, this means that the level alignment of a single molecule (hereafter always referred to with respect to the metal surface Fermi level E F ) as detected by STS must depend on the molecular neighborhood.
Our study here will compare various results for the energy level alignment of C 60 molecules adsorbed on Au(111) under different conditions of screening by the surroundings. We use STS to find the position of the unoccupied molecular resonance, and find that it varies by several hundred meV depending on the molecular neighborhood. Such changes in the level alignment are larger than those induced by differences in molecular orientation or adsorption site [25] [26] [27] . As we shall show, they can be qualitatively understood from a simple model of screening of tunneling electrons by both image charges at the surface and by surrounding molecules.
In this paper we first introduce the experimental procedure, followed by a general description of charge screening at the molecule/metal interface. Experimental results for C 60 molecules and molecular structures composed of C 60 mixed with non-planar hydrocarbons are presented in section 4. All results are compared and summarized in section 5.
Molecular system and experimental details
Our study of energy level alignment is performed on C 60 because this molecule maintains a fairly unperturbed electronic configuration upon adsorption. Due to its high symmetry, molecular orbitals are largely degenerate. In particular, the highest occupied and lowest unoccupied molecular orbitals (HOMO and LUMO) have a degeneracy of 5 and 3, respectively. In our study we focus on resolving the shape and alignment of the LUMO and the HOMO-LUMO energy gap, hence taken as a fingerprint of the local molecular properties. C 60 is co-adsorbed with two different types of hydrocarbons with a three-dimensional shape, with the aim of varying both the properties of the local molecular neighborhood and, as we shall demonstrate, the distance between the fullerene and the metal surface [5] .
We use a Au(111) surface as the metal substrate throughout this study. In this way energy level alignment can be qualitatively compared between the different systems explored. Fullerene adsorption on Au(111) surfaces has been extensively studied during recent years, producing a wealth of information about structural phases [25, [35] [36] [37] [38] and electronic configurations [25, [27] [28] [29] [39] [40] [41] [42] of the hexagonally ordered C 60 films. Charge transfer of C 60 on Au(111) is fairly small, as observed through STS and density functional calculations [40, 43] . Since the LUMO resonance of C 60 on Au(111) lies far from E F small changes in its alignment will not alter significantly the charge state of the fullerene, allowing us to interpret level shifts as entirely due to screening effects from the molecular neighborhood and from the underlying metal surface. The structure of supramolecular architectures formed by the combination of C 60 with different types of flat hydrocarbons have been characterized [44] [45] [46] , but the electronic properties associated with the embedding of C 60 in such molecular networks are still under study [47] .
The experiments were carried out in a custom-built lowtemperature scanning tunneling microscope (STM) working under ultra-high vacuum conditions and at a temperature of 5 K. Both C 60 and hydrocarbon molecules were deposited using a Knudsen cell onto a Au(111) surface, previously cleaned using standard sputtering-annealing methods. During the deposition process the Au(111) surface can be maintained at a chosen temperature. Co-deposition of two molecular species usually forms multiple mixed phases and bonding structures depending on the substrate temperature during deposition and on the stoichiometry of the components. These degrees of freedom are used in this study to vary the type of molecular neighborhood around the inspected fullerene. After preparation of the molecular film the sample is transferred into the cold STM for its inspection.
Scanning tunneling spectroscopy measurements were performed using a lock-in amplifier to obtain a signal proportional to the differential conductivity (dI /dV ) of the tunnel junction. For these measurements the bias voltage was modulated with an amplitude (typically around 10 mV rms) considerably smaller than the peak line width. STM tips are usually prepared by gentle indentations into a bare gold substrate. The electronic structure of the tip was checked by recording background spectra. This requirement was fulfilled for all the spectroscopy data shown here.
Role of screening in the energy level alignment
When a charged particle is placed on or removed from a neutral molecule, additional energy U due to the Coulomb repulsion/attraction with other molecular charges has to be given. This is known as the on-site Hubbard energy. The Hubbard energy modifies the molecular levels when measured by electron spectroscopies, resulting in a HOMO-LUMO energy distance larger than in a simple 'one-particle' picture. The HOMO-LUMO gap of C 60 in this 'one-particle' scenario amounts to a value of = 1.6 eV. This is the energy gap of a neutral molecule. However, the 'real' gap accounting for final state Coulomb effects is 4.95 eV, which is the difference between the gas phase ionization potential (IP = 7.6 eV) [48] [49] [50] [51] and the electron affinity (EA = 2.65 eV) [52] . For simplicity we may assume that the energy costs of electron addition and removal are similar. Then U typically amounts to ∼1.7 eV for a free C 60 molecule [28] .
When the fullerene is located in a C 60 molecular crystal the molecular states overlap with those of neighboring molecules, and their energy line shape broadens [42, 53] . In addition, mobile charge carriers in the neighborhood screen the local charge added to/removed from the fullerene by rearranging their distribution, hence reducing the value of the Hubbard on-site energy ( figure 1(a) ).
This causes the HOMO-LUMO energy gap to be considerably reduced with respect to the free molecule value. For molecular solids like C 60 intermolecular interactions are non-covalent and weak. The overlap between molecular states is very small, and screening of charges is dominated by the polarizable character of the local neighborhood. According to a simple model, this effect reduces the charging energy by a factor of [54] 
where α is the molecular polarizability [55] , R the intermolecular distance and N the coordination number [28] . When the molecular layer is in contact with a metal surface, charge redistribution at the metal-molecule interface can also effectively screen the addition or removal of a charge [28, 56] . The interaction between the charged molecule and its image charge reduces the ionization potential and increases the electron affinity by
where D is the distance between the charged molecule and its image charge at the surface [28] .
In agreement with the above described screening mechanisms, PS + IPS results show that the HOMO-LUMO gap of bulk C 60 is 3.7 eV [42] , while for a C 60 monolayer in contact with a Au(111) surface this value reduces to 2.3 eV [39] . As we shall show in the next section, the effect of the metallic surface and the molecular neighborhood are also important for understanding the energy level alignment in the final state as seen by STS.
Experimental results

C 60 on Au(111)
As a reference state, we first probe the STS spectra of an individual C 60 molecule on a clean Au(111) surface. To obtain isolated C 60 we deposited the molecules on a cold gold surface at 80 K. At such low temperature, thermally induced molecular diffusion is frozen, thus hindering the self-assembly of molecular clusters. High-resolution STM images find that fullerenes appear isolated in the middle of flat terraces and exhibit a characteristic intramolecular structure composed of lobes ( figure 2(a) ). The structures resemble the shape of the LUMO constant-DoS isosurfaces, as revealed by density functional calculations for a free C 60 molecule [57] . The lobes represent the accumulation of DoS around the pentagonal faces of the icosahedral cage. The orbital resolution allow us to see that the molecules may adsorb with different orientations. For example, the internal shapes of the two marked molecules in figure 2(a) fit with a top view of fullerenes with their C2 and C5 symmetry axis lying perpendicular to the surface, as shown in figure 2(c). STS measurements were performed on single C 60 molecules located away from substrate steps. Typical spectra show various features around the Fermi energy which can be related to the alignment of molecular resonances (figure 2(d)). At positive sample bias (above E F ) the peak located at 1.1 eV is associated with the LUMO-derived resonance and shows a peak shape with typically 0.5 eV full width half maximum (FWHM). The HOMO peak usually appears as a shoulder below E F , and its shape may vary more strongly depending on tip conditions, since at negative sample bias the STS spectra are dominated by the tip's unoccupied electronic structure. However, its position is always around −1.7 eV, hence a HOMO-LUMO gap value of 2.8 ± 0.1 eV is obtained. The alignment of the LUMO peak indicates a negligible charge transfer into C 60 , as has been also observed and confirmed by DFT calculations in [40] .
In order to reveal whether the HOMO-LUMO energy gap is affected by the proximity of neighboring molecules, we compared the spectra obtained on isolated fullerenes with those on C 60 islands. When C 60 is annealed on a Au(111) surface at room temperature bi-dimensional islands with hexagonal symmetry [25] are formed ( figure 2(b) ). The ordered domains are stabilized by weak van der Waals interactions with an average intermolecular distance of 10Å [35] . The selfassembled structures show various orientational domains, some of which keep a long-range degree commensurate with the underlying Au(111) surface [25, 36, 38] .
STS measurements were performed on a C 60 molecule embedded in one such island, i.e. surrounded by six neighbors.
Under these conditions typical spectra reveal a shift of the unoccupied levels with respect to the spectra obtained for the isolated molecules ( figure 2(d) ). The LUMO-derived resonance is now located at 0.7 eV. The HOMO feature, on the contrary, does not shift significantly. The HOMO-LUMO gap thus amounts to 2.4 eV, in agreement with other STS measurements [25, 27, 40] . Since C 60 has a large polarizability due to its 60 π electrons we associate the ∼400 meV decrease in energy gap with the addition of the six neighboring C 60 molecules. As we mentioned in section 3, the presence of molecular neighbors with a large polarizability may contribute to reduce the charging energies. To quantify the screening effect of each fullerene we apply equation (1), with an intermolecular distance R = 10Å and a polarizability α = 90Å 3 [54] . According to this relation, the long-range dipolar interaction between two fullerenes amounts to 65 meV. For N = 6, this simple approach accounts closely for the experimentally observed shift of the LUMO position.
Other mechanisms may also contribute to modify the LUMO peak alignment. A slight difference in charge transfer depending on the neighborhood could lead to peak shifts. However, it is difficult to quantify this effect since for both single molecules and hexagonal islands we see practically no Fermi level crossing. A different molecular height could also explain a resonance shift due to changes in the distance between the molecule and its image charge. However, in our case this mechanism cannot be proved, because if it exists it would give rise to the opposite effect: fullerenes in the domains should lie higher (if there is any difference) due to lateral interactions with neighbors, and should then be less screened.
C 60 + triptycene (TPC) on Au(111)
A further avenue for exploring the role of screening on the molecular energy level alignment is to change the polarizability of the molecular environment by embedding C 60 in a molecular network with different electronic properties. An appropriate choice for this study is triptycene (TPC). This saturated hydrocarbon consists of a core of two sp 3 hybridized carbon atoms which has attached three phenyl rings giving the molecule a three-dimensional rotor shape (cf figure 3(a) ). TPC molecules have a smaller size than C 60 and are not fully conjugated, thus having a lower polarizability than C 60 molecules. The concave arrangement of the three phenyl moieties renders this molecule a good candidate to form an inclusion complex with the almost spherical fullerene cage via π-π interactions. This is in fact observed in bulk crystal structures ( figure 3(c) ) [59] [60] [61] . The adsorption of TPC molecules on Au(111) is characterized by a weak moleculesurface bond, as a consequence of the three-dimensional and non-planar molecular structure. Interactions between molecules then become important [62] . As we shall describe in the following section, co-adsorption of C 60 and TPC leads to the formation of mixed building blocks stabilized by intermolecular forces, in a similar fashion as occurs in bulk.
TPC/C 60 islands.
In order to grow mixed TPC/C 60 structures we have deposited both molecular species onto Au(111) at 80 K and, subsequently, annealed to room temperature. When the number of TPC molecules is less than the number of C 60 a characteristic mixed phase of TPC/C 60 complexes is found. Figure 4(a) shows a characteristic STM image where the bright protrusions correspond to C 60 molecules, as identified by their characteristic LUMO shape. The dark, rotor-shaped depressions are associated with TPC single molecules with their threefold symmetry axis oriented perpendicular to the surface. According to this, each of the TPC's concave π moieties bonds to a fullerene, thus leading to the formation of the basic building block indicated by a triangle in figure 4(b) . This structure is similar to the bulk inclusion complex and, hence we expect a bonding mechanism mediated by π-π interactions [59] . Interestingly, the molecular orientation of the fullerenes in the mixed phase appears restricted to orient only with their C3 or C2 symmetry axes perpendicular to the surface, in contrast to the large variety of orientations found in pure C 60 islands [25, 26, 38] . This fact indicates that some type of local interaction exists between the icosahedral cage and the TPC phenyl rings [63] .
An excess of C 60 molecules leads to the coexistence of both pure fullerene islands and mixed TPC/C 60 domains with a reduced concentration of embedded TPC molecules. Each TPC molecule bonds with three fullerenes as shown in figure 4(c) . This mixed assembly offers the possibility of studying the molecular level alignment of C 60 with a different number of neighbors. In particular, we find that the LUMO peak shifts upwards with respect to the value in pure C 60 islands as the number of C 60 neighbors becomes smaller. A 80 meV shift is found for C 60 surrounded by five fullerenes (spectrum 2 of figure 4(d) ) and two phenyl rings of TPC pointing towards the icosahedral cage. The TPC-C 60 bonding is thus of H-π character. The comparison of this LUMO shift with the 400 meV displacement observed for the removal of six neighboring fullerenes (i.e. for an isolated C 60 ) suggests that this 80 meV shift can only be attributed to the smaller number of C 60 neighbors. TPC, in this H-π configuration, hardly plays any role in the screening. The C 60 marked by dot 3 in figure 4 (c) has four C 60 neighbors. It interacts as well with two TPC molecules, one through a phenyl ring in the just described H-π fashion and another through the two TPC π moieties oriented parallel to the fullerene cage. While the decrease in one fullerene neighbor down to four is expected to yield a further shift of 80 meV, the observed displacement of the LUMO resonance amounts to only 30 meV. We associate this smaller shift with the additional screening of the TPC molecule enclosing the fullerene with the concavely arranged phenyl rings. This π-π interaction partially compensates the effect of the missing fullerene. A further decrease in the number of neighboring fullerenes by insertion of TPC molecules into the latter geometry (dot 4 in figure 4(c)) leads to an additional shift of the LUMO-derived resonance to higher energies by about 20 meV, a value that is in the same range as the formerly observed 30 meV shift. These results thus confirm that the resonances observed with STS depend critically on the 'local' polarizability of the neighboring molecules.
TPC/C 60 clusters.
In the previous section, we showed that low-temperature co-deposition and room-temperature annealing lead to the expected basic molecular building blocks and the obtained structures have served as an ideal system to systematically study the effect of the polarizability of the molecular surrounding. In the observed structures the threefold axis of TPC was oriented perpendicular to the surface, maximizing the π-π interactions to neighboring fullerenes.
Interesting molecular nanostructures are found when small quantities of C 60 are co-deposited with TPC molecules on a cold surface, at 80 K. At this temperature, C 60 molecules do not diffuse on the surface acting as nucleation centers for TPC molecules, which exhibit a larger mobility. The result are single fullerene molecules surrounded by lower features, which we associate with TPC molecules assembled in a disordered fashion. Only by slight annealing above 100 K can TPC nucleate in TPC clusters with a well-defined structure and a bandgap of 6 eV [62] , but still surrounding the frozen fullerene monomers. Figure 5 (a) shows a typical example of such mixed molecular clusters. There, three fullerenes (bright rounded protrusions) appear surrounded by a lower corolla formed by TPC molecules. A ubiquitous observation is that the typical height of C 60 molecules varies from cluster to cluster. In figure 5 (a), fullerenes 2 and 3 appear in the STM images ∼1Å higher than fullerene 1 (see inset of figure 5(a)), which shows the standard apparent height usually observed in our experiments (i.e. ∼7Å).
Such a height difference could be due to either geometrical or electronic reasons. Regarding the latter, charge transfer between TPC and C 60 , for example, may lead to changes in the apparent height of the molecules. However, charge transfer should change the apparent height in the opposite sense as observed in our experiment, given the acceptor character of C 60 and the nucleophilic nature of the phenyl rings. Hence, we tentatively associate the increase in apparent height as being due to the geometrical lifting of the C 60 cage from the surface as a consequence of the interaction with TPC clusters. This seems to be further corroborated by our STS measurements.
The electronic configuration of molecules 2 and 3 in our dI /dV spectra ( figure 5(b) ) shows that the LUMO-derived resonance is now located at 1.45 eV, i.e. shifted 350 meV upwards in energy compared to the case of isolated C 60 molecules shown in figure 2(c) . Such an upward shift cannot be explained by the screening caused by the presence of TPC molecules around the fullerene, since this would rather cause a downward shift with respect to the isolated C 60 case. Charge transfer can also be discarded from the arguments given above. We can explain the energy shift by considering that the fullerenes are lifted from the surface by their interaction with the surrounding TPC corolla. The increase in molecular distance to the surface reduces the charge screening by the image charges in the metal. According to this, TPC acts as a thin insulating molecular layer between C 60 and the metal, increasing the charging energy 1 U and, additionally, decreasing the electronic coupling between the fullerene and the surface [64, 65] .
C 60 + 1,3,5,7-tetraphenyladamantane (TPA) on Au(111)
As a second candidate to interact with a fullerene, we chose 1,3,5,7-tetraphenyladamantane (TPA) ( figure 6(a) ). Similar to triptycene, its concave carbon skeleton makes this threedimensional hydrocarbon a suitable molecular partner to form an inclusion complex with the curved conjugated carbon cage of C 60 . Moreover, the TPA HOMO-LUMO gap is about four times as large as that of C 60 . Due to this large difference in gap we expect no intermolecular hybridization of the frontier orbitals. Hence, the energy level alignment and electronic coupling with the surface can be studied, while the TPA molecules can be regarded as passive decouplers.
The tetrahedral symmetry of this hydrocarbon results in only one adsorption orientation on a surface. Three phenyl moieties are lying in an almost flat configuration on the substrate, while the fourth one is pointing upwards. STM images this molecule as a circular protrusion with no internal structure. Deposited at room temperature on clean Au(111), TPA shows a variety of adsorption structures depending on its coverage. A weak interaction with the Au surface can be inferred by a large mobility of the molecules under the influence of the STM tip ( figure 6(a) ). Only steric hindrance between the molecules leads to a stabilization of the molecules into disordered clusters. With increasing coverage, hexagonal 'flower' structures, dimer double rows and finally close packed hexagonal islands can be found ( figures 6(b)-(d) ). These pre-covered surfaces have then been used as a template for additional C 60 deposition at room temperature. 60 in TPA/(C 60 ) 3 tetramers. For a pre-coverage of about 0.5 ML of TPA and subsequent deposition of C 60 , figure 7(a) shows a representative overview of the obtained molecular structures. Most prominent in these images are triangular-shaped arrangements, which can be attributed to TPA/C 60 mixed nanostructures. The smallest unit of these nanostructures (close-up view in figure 7(b) ) consists of one C 60 molecule, as can be identified from the characteristic threefold LUMO shape, surrounded by three TPAs, imaged as lower protrusions at the vertices of the triangle. These tetramers serve as stable building blocks for larger self-assembled molecular structures, such as the hexagon in figure 7(c) and the periodically extended structure in figure 7(d) . Interestingly, the orientation of the fullerene cage is always the same in the TPA/C 60 complexes. This observation is opposed to pure C 60 molecular islands on Au(111), which are also occasionally found. Here, the C 60 adopts many different molecular orientations (as shown in section 4.1) [25, 38, 40] . Similar to the finding in the TPC/C 60 mixed phase, the locking of the fullerene cage in the TPA/C 60 complexes into a particular orientation suggests a local interaction between the molecules [5, 63] .
Lifting and locking the orientation of C
In order to resolve the electronic structure of C 60 embedded in the TPA triangles, we measure the differential conductance characteristics. A typical dI /dV spectrum of TPA/C 60 complexes is presented in figure 8 . The feature at −1.7 eV is associated with the C 60 HOMO-derived resonance, while the peak at 0.9 eV represents the LUMO. In figure 8 the spectrum on the tetramers is compared with that obtained on pure C 60 islands for the same region. On the tetramers the gap width is enlarged and the LUMO position shifted by ∼0.2 eV to higher energies. As has been discussed throughout this study, we interpret the shift of the LUMO resonance as related to a less effective screening effect, here by both the substrate and the different molecular neighbors, thus leading to a larger Coulomb repulsion of the tunneling electron.
To get more insight into the C 60 -surface interactions, we compare in figure 8(b) the line shapes of the LUMOderived resonance in pure C 60 islands with those in TPA/C 60 nanostructures. The overall line width of the LUMO-derived resonance in the islands amounts to FWHM ∼ 490 meV, while in the nanostructures it is considerably sharper (FWHM ∼ 290 meV). As confirmed by DFT calculations of this system in [5] the broadening reflects the hybridization with substrate states, which is considerably reduced when C 60 is embedded in the TPA/C 60 tetramers. Moreover, in order to reproduce the line shapes we need to fit the LUMO resonance by three Gauss curves, each of them representing one of the three (in the gas phase degenerate) LUMO levels. Due to the adsorption, the fullerene cage is slightly distorted, leading to symmetry breaking and hence to a loss in the LUMO degeneracy, which can be observed as a splitting in the dI /dV spectra. C 60 molecules locked by three surrounding TPA, on the other hand, exhibit much less splitting, indicating that the molecular cage is almost restored to its free molecule-like shape. The DFT simulations of [5] further show that the projected density of states (PDOS) onto C 60 molecular orbitals in C 60 islands is strongly distorted due to broadening and splitting of the molecular states. In the TPA/C 60 nanostructures, the cage is deformed by less than 1 pm and the threefold degeneracy of the LUMO is preserved, in agreement with the experimental results.
The most characteristic difference found in the dI /dV spectra of pure C 60 and TPA/C 60 complexes is a regime of NDR in the high-energy part of the LUMO. NDR in tunneling dI /dV spectra is known as a fingerprint of localized states weakly coupled with the supporting electrode [64, 66] . We illustrate this effect in figure 9 . The tunneling current is resonantly increased when the Fermi level of the tip is aligned with the LUMO level of C 60 . With further increasing bias voltage, elastic tunneling from tip states near the Fermi level is inhibited, while tip states aligned with the LUMO resonance see a larger effective tunneling barrier. If the LUMO resonance is sufficiently sharp, the total tunneling current is thus reduced with increasing bias, resulting in NDR in the dI /dV spectra. Due to the exponential dependence of the tunneling current on barrier height, the NDR effect becomes more pronounced when the tip is retracted from the sample 2 . The observation of NDR in the TPA/C 60 nanostructures therefore reflects the presence of a sharp LUMO resonance.
We have thus ample experimental evidence that the electronic coupling between the C 60 molecule and surface is significantly reduced in the TPA/C 60 nanostructures as compared to C 60 on Au(111) alone: (i) the HOMO-LUMO gap is enlarged by ∼0.2 eV, (ii) the LUMO-derived resonance preserves its degeneracy, (iii) the overall LUMO linewidth is substantially reduced, and (iv) NDR at the high-energy edge of the LUMO. DFT simulations [5] find that the fullerenes in the TPA/C 60 tetramers are slightly lifted (0.58Å) from the surface with respect to the case without TPA molecules. This is the reason for the more localized electronic structure, reflected in the spectra as sharper LUMO resonances and NDR behavior.
The reason for the lifting of the fullerene cage lies in the nature of the intermolecular interactions between C 60 and TPA. Besides evidencing a reduced coupling to the surface, the LUMO line shape and gap width also exclude a strong chemical interaction between the molecular species, as this would also give rise to broadening effects. Furthermore, we see no features in the dI /dV spectra recorded on TPA in the energy range considered. However, from the STM images we can infer an orientational bonding mechanism, as the C 60 cage is always exhibiting the same polar and azimuthal orientation with respect to the surrounding TPA. As a possible bonding mechanism we thus consider local electrostatic forces, which imprint the molecular orientation on the C 60 cage. In contrast to the delocalized nature of van der Waals interactions, hydrogen bonds and electrostatic interactions have a more local and directional character. For the TPA/C 60 system, DFT calculations find charge accumulation at the H atoms of TPA opposing electron accumulation at the fullerene double bonds. Thus, the fullerene adapts its orientation to maximize the number of electrostatic H··C=C bonds, which concomitantly implies the lifting of the cage from the surface. Although the interactions are weak, the large number of H··C=C bonds that are formed add up to partially compensate the interaction energy between C 60 and metal surface. 60 in one-dimensional molecular rows. While the TPA/C 60 tetramer structures are most frequently found on the surface with a pre-coverage of 0.5 ML TPA, having a dimer row template of TPA as shown in figure 6(c) (TPA coverage of ∼0.9 ML) before C 60 deposition leads to the formation of double rows of alternating TPA and C 60 (figure 10). In these structures the fullerene cage exhibits a variety of different orientations. Current-voltage and differential conductance spectra of C 60 show a similar fingerprint to those in the tetramer arrangement. Again the HOMO-LUMO gap amounts to ∼2.6 eV, with the LUMOderived resonance at ∼0.9 eV. The linewidth is ∼290 meV and the clear evidence of NDR is also present. Following the arguments of the previous section, we can also deduce a weaker coupling between C 60 and the surface in this row structure.
Reduced coupling of C
The intermolecular interactions leading to this decoupling can be assumed to be of a similar origin as in the tetramer structure. However, the reduced symmetry of the molecular surroundings implies a smaller number of local forces and thus different combinations for the fullerene to lock into two TPA molecules. Moreover, the TPA molecule on the other side of the double row structure probably also plays a role in the stabilization and lifting of the fullerene. 
Summary
In our study a single C 60 molecule has served as a model system for investigating the influence of the molecular environment on the electronic structure.
The observed HOMO-LUMO gap obtained in tunneling spectra is a result of the neutral molecule gap plus an on-site Coulomb term due to repulsion of the tunneling electron by electrons in the fullerene cage. This effect can be tuned by polarizable surroundings and we have analyzed it by placing C 60 in nanostructures of organic molecules on a Au(111) surface. As a reference we started our analysis with isolated fullerenes on Au(111), where the LUMO resonance is found at ∼1.1 eV above E F . A surrounding of six fullerenes leads to a shift of the LUMO resonance by about 0.4 eV towards the Fermi level, accounting for the large polarizability of about 90Å 3 of the conjugated carbon cage.
When neighboring molecules of C 60 are substituted by triptycene, the charge screening is reduced and the LUMO level shifts upwards. This is because triptycene has a lower polarizability than C 60 . The effect in the LUMO alignment further depends on the orientation of this rotorshaped molecule with respect to C 60 : a phenyl ring pointing perpendicular to the fullerene cage thus hardly reduces the onsite Coulomb repulsion of a tunneling electron through the C 60 . In addition, we have found that the concave arrangement of the phenyl rings of TPC interact via π-π bonding with C 60 in a similar fashion to bulk, and leads to a more effective screening. We have analyzed the cluster arrangements of one fullerene with various TPCs formed at the Au(111) surface at low temperatures. While the STM images cannot give direct evidence of the cluster structure, the electronic level alignment hints that the fullerene molecule is lifted from the surface. The LUMO level is found at a bias voltage of ∼1.4 V, a value which is larger than for isolated fullerenes, thus indicating a smaller screening from the metal surface. Moreover, the resonance is narrower and not split, indicating a loss of hybridization with substrate states.
While this cluster structure is not thermodynamically stable, three TPA molecules have been shown to form stable tetramers with C 60 . In this threefold symmetric structure electrostatic forces are responsible for lifting the fullerene from the surface, thus leading to a reduced coupling which is evidenced in the tunneling spectra as a sharp LUMO resonance and NDR. The level alignment at ∼0.9 eV above the Fermi level accounts for the reduced screening from the metal but some screening from the TPA. The reduced coupling with the metal surface is also found when the fullerness are embedded in a double row structure of alternating TPA and C 60 .
In summary, we have shown the influence of the screening both from neighboring molecules as well as from the surface on the LUMO level alignment on Au(111). In addition to the screening, adsorption of C 60 on a metal surface leads to hybridization and a lifting of the degeneracy of the LUMO, both revealed by a broadening of the resonance structure in the STS spectra. A compilation of the results is shown in figure 11 .
